Administration of glucocorticoids induces ocular hypertension in some patients. If untreated, these patients can develop a secondary glaucoma that resembles primary open-angle glaucoma (POAG). The underlying pathology of glucocorticoid-induced glaucoma is not fully understood, due in part to lack of an appropriate animal model. Here, we developed a murine model of glucocorticoid-induced glaucoma that exhibits glaucoma features that are observed in patients. Treatment of WT mice with topical ocular 0.1% dexamethasone led to elevation of intraocular pressure (IOP), functional and structural loss of retinal ganglion cells, and axonal degeneration, resembling glucocorticoid-induced glaucoma in human patients. Furthermore, dexamethasone-induced ocular hypertension was associated with chronic ER stress of the trabecular meshwork (TM). Similar to patients, withdrawal of dexamethasone treatment reduced elevated IOP and ER stress in this animal model. Dexamethasone induced the transcriptional factor CHOP, a marker for chronic ER stress, in the anterior segment tissues, and Chop deletion reduced ER stress in these tissues and prevented dexamethasone-induced ocular hypertension. Furthermore, reduction of ER stress in the TM with sodium 4-phenylbutyrate prevented dexamethasone-induced ocular hypertension in WT mice. Our data indicate that ER stress contributes to glucocorticoidinduced ocular hypertension and suggest that reducing ER stress has potential as a therapeutic strategy for treating glucocorticoid-induced glaucoma.
Introduction
Glaucoma is the second leading cause of visual impairment and blindness worldwide, affecting about 70 million people, and is the leading cause of blindness among African-Americans in the United States (1) (2) (3) . Primary open-angle glaucoma (POAG) is the most common form of glaucoma, accounting for approximately 70% of all cases (2, 4, 5) . POAG is characterized by progressive loss of retinal ganglion cell (RGC) axons and irreversible loss of vision (2, 4) . Although the exact mechanisms that cause glaucoma are poorly understood, elevated intraocular pressure (IOP) is a major associated risk factor and a major target of treatment (6, 7) . In glaucoma, the resistance to aqueous humor outflow through the drainage structure of the trabecular meshwork (TM) is increased, thus elevating IOP (4, 8, 9) . The mechanisms that cause increased outflow resistance in the TM are not well understood.
Glucocorticoid therapy can elevate IOP in many susceptible individuals. Approximately 30%-40% of the general population can develop IOP elevation after topical ocular administration of a potent glucocorticoid (such as dexamethasone or betamethasone) for 4-6 weeks (10) (11) (12) (13) (14) (15) (16) . If undetected, glucocorticoid-induced ocular hypertension can lead to secondary open-angle glaucoma that mimics POAG (14) . Similar to POAG, glucocorticoid-induced ocular hypertension is caused by increased aqueous humor outflow resistance in the TM (11, 15, 17, 18) . However, the molecular mechanisms that lead to this increased resistance are still unknown.
The ER is involved in the synthesis and processing of secreted and membrane proteins. Properly folded proteins are transported to the Golgi network, whereas misfolded proteins are retained in the ER and are removed by ER-associated degradation (ERAD). When the synthesis of secretory proteins exceeds the capacity of ER chaperones and the ERAD machinery, these proteins accumulate in the ER. Unfolded proteins tend to aggregate, leading to ER stress (19) (20) (21) . To alleviate such cellular stress, eukaryotic cells activate a cytoprotective response, known as the ER stress response or the unfolded protein response (UPR). Activation of the UPR involves sensing of ER stress via PERK, ATF-6α, and IRE1, which then regulate the response to ER stress by inducing ER chaperones (GRP78 and GRP94), phosphorylation of eIF2α, activation of ATF-4, and alternative splicing of XBP-1 (19, 22) . When the UPR adaptive response is not sufficient to resolve defects in protein folding, ER dysfunction can lead to chronic ER stress and cell death (20, 23, 24) . Excessive and sustained ER stress can lead to activation of cell death via induction of CHOP, ER-specific caspase 12, and several other factors (24, 25) .
The UPR is a cytoprotective response to ER stress. However, failure of the UPR to resolve ER stress plays an important role in several human diseases (20) . Recently, we demonstrated that chronic ER stress is associated with TM dysfunction and development of glaucoma in a mouse model of POAG (26, 27) . We have also shown that expression of mutant myocilin (MYOC) induces ER stress in the TM, which is associated with elevation of IOP in Tg-MYOC Y437H mice. In the present study, we sought to examine whether increased ER stress in the TM is responsible for elevating IOP in other models of glaucoma. We particularly chose to examine glucocorticoid-induced glaucoma because, similar to POAG, glucocorticoid-induced ocular hypertension is also caused by increased aqueous humor outflow resistance. Dexamethasone treatment has previously been shown to induce ultrastructural changes in the TM, including the proliferation and activation of the ER and the Golgi apparatus, as well as increased deposition of ECM proteins (17, (28) (29) (30) . Glucocorticoids are also known to cause increased secretory load in the TM, which can induce ER stress, since it overwhelms the ER quality control system (22) .
Prednisolone, a synthetic glucocorticoid, has been shown to induce ER stress and activate the UPR in insulin-secreting INS-1E cells (31) . Therefore, we hypothesize that glucocorticoids induce ER stress in the TM, which is associated with IOP elevation in glucocorticoid-induced glaucoma.
The objectives of the present study were to develop a murine model of steroid-induced glaucoma and to use this model to investigate the role of ER stress in glucocorticoid-induced ocular hypertension.
Figure 1
Topical ocular dexamethasone induces glaucoma in mice. (A) Elevated IOP in dexamethasone-treated C57BL/6 mice. Topical ocular vehicle (sterile PBS) or dexamethasone (0.1%) was administered 3 times daily for up to 20 weeks. IOP measurements of dexamethasone-treated (n = 20-24) and vehicle-treated (n = 20) mice are shown from week 0 to 6 of treatment. **P < 0.005, ***P < 0.0001, unpaired t test. (B) Progressive RGC functional loss in dexamethasone-treated mice. PERG amplitudes (P50-N95) in vehicle and dexamethasone-treated mice at 5 (n = 5), 15 (n = 10), and 20 (n = 6) weeks of treatment. (C and D) Loss of RGCs in dexamethasone-treated mice. (C) Representative images of Nissl-stained whole-mount retinas from mice treated for 20 weeks with vehicle or dexamethasone. (D) Remaining cells in ganglion layer were counted in the periphery of the retina. n = 5 (vehicle); 10 (dexamethasone). **P = 0.0045, unpaired t test. (E and F) Progressive optic nerve degeneration in mice treated with dexamethasone for 10 or 15 weeks. Optic nerve sections were stained with PPD (E), and mean axon counts (F) were compared in dexamethasone-(n = 8) and vehicle-treated (n = 7-10) mice. *P = 0.0174, **P = 0.0013 vs. vehicle, unpaired t test. Scale bar: 10 μm.
Results

Topical ocular dexamethasone treatment induces glaucoma in WT mice
Elevated IOP. To investigate whether glucocorticoids induce ocular hypertension in mice, we applied topical dexamethasone phosphate (0.1%) or sterile PBS vehicle eye drops (∼20 μl) to 3-month-old C57BL/6 mice 3 times per day for 6 weeks. IOP was measured every week. At baseline (no treatment), both treatment groups had similar IOPs ( Figure 1A ). Although dexamethasone treatment did not alter IOP after 1 week of treatment, starting at 2 weeks, significantly higher IOP was observed in dexamethasone-versus vehicle-treated WT mice, and the difference progressively increased in a linear manner over the course of treatment. The absolute increase in IOP in dexamethasone-versus vehicle-treated mice averaged 3.3 ± 1.1 mmHg at 2 weeks, 4.7 ± 1.01 mmHg at 3 weeks, 5.4 ± 0.91 mmHg at 4 weeks, 7.3 ± 0.96 mmHg at 5 weeks, and 7.7 ± 0.84 mmHg at 6 weeks ( Figure 1A ). Individual IOP measurements revealed that 90%-95% of dexamethasone-treated eyes had elevated IOP after 5 weeks of treatment (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI69774DS1).
We next examined whether topical ocular dexamethasone causes any eye abnormalities. Examination of the anterior segments by slitlamp revealed that dexamethasone-and vehicle-treated eyes were indistinguishable (Supplemental Figure 2 ). Dexamethasone-treated eyes displayed normal iris and cornea, and none of these mice developed cataract. H&E staining of the anterior segment revealed that the iridocorneal angle of dexamethasone-treated mice was open. The mice did not have abnormalities of the iris, ciliary body (CB), or cornea and were similar to vehicle-treated mice (Supplemental Figure 3 )
Functional loss of RGCs. We next examined whether dexamethasonetreated mice exhibit functional loss of RGCs, as is observed in glaucoma patients. We examined functional deficits in RGCs using pattern electroretinography (PERG), a technique that selectively measures RGC function ( Figure 1B) . A representative PERG of vehicle-and dexamethasone-treated mice at 20 weeks of treatment illustrates the reduced PERG amplitude (P50-N95) observed with dexamethasone (Supplemental Figure 4 ). Dexamethasone-treated mice demonstrat-ed a 20% reduction in PERG amplitude compared with vehicle-treated mice at 5 weeks of treatment, with significant further reduction to 40% at 15 weeks and to 55% at 20 weeks ( Figure 1B) .
Loss of ganglion layer cells. We examined whether IOP elevation in dexamethasone-treated mice would lead to RGC loss by performing whole-mount Nissl staining of retinas, as described previously (32) . As shown in representative images of Nissl-stained retinas, mice treated for 20 weeks with dexamethasone demonstrated decreased soma number in the ganglion layer ( Figure 1C ). Quantitation of remaining ganglion layer cells in the periphery of retina revealed that mice treated for 20 weeks with dexamethasone demonstrated significant loss (16%) of ganglion layer cells compared with vehicle-treated mice ( Figure 1D ).
Optic nerve degeneration. We also examined optic nerve axonal degeneration by staining optic nerve cross-sections with paraphenylenediamine (PPD) and quantified optic nerve axons. Optic nerve degeneration was evident after dexamethasone treatment ( Figure 1E ). Dexamethasone-treated mice lost 15% of axons compared with vehicle-treated mice by 10 weeks of treatment, and 29% by 15 weeks ( Figure 1F ), suggestive of progressive neuronal degeneration. We also found that optic nerve area of dexamethasone-treated mice was significantly reduced compared with vehicle-treated mice (reduced 15% by 10 weeks and 30% by 15 weeks; Supplemental Figure 5 ).
Topical dexamethasone increases MYOC, actin, and ECM proteins in the TM
A hallmark of dexamethasone treatment of the TM is induction of MYOC, actin, and ECM proteins, including fibronectin (FN) (14, (33) (34) (35) (36) . We next investigated whether topical ocular dexamethasone induces these known biochemical changes in the TM in our mouse model. We performed immunostaining for MYOC and actin on mice treated with vehicle or dexamethasone for 3 weeks (Figure 2 ). Immunostaining for MYOC revealed a prominent increase in MYOC labeling in the TM of dexamethasone-versus vehicle-treated mice. We also observed a slight increase in MYOC staining in the CB of dexamethasone-treated mice. Similarly, phalloidin, which stains F-actin, revealed a prominent increase in actin in the TM and CB of dexamethasone-treated mice. We also examined whether dexamethasone increases FN. Western blot analysis of the anterior segment tissues from vehicle-and dexamethasonetreated mice showed increased levels of FN with dexamethasone treatment (Supplemental Figure 6 ).
Dexamethasone induces ER stress and activates the UPR in cultured human TM cells
To determine whether dexamethasone induces ER stress in TM cells, we first examined alternative splicing of XBP-1 as a marker for ER stress. Primary human TM cells were treated with dexamethasone (100 nM) for 10 days as described previously (37) , and RT-PCR products for XBP1 were run on 2% agarose gel. As expected, the unspliced form of XBP-1 (283 bp) was observed in both control and dexameth-
Figure 2
Topical ocular dexamethasone increases MYOC and actin levels in the TM. Immunostaining for MYOC and actin merged with nuclear stain DAPI is shown. MYOC and actin were localized to the TM and CB of mice treated with vehicle or dexamethasone for 3 weeks. MYOC and actin levels were increased in TM and CB of dexamethasone-treated mice (n = 4) compared with vehicle-treated mice (n = 3). Arrow shows TM. Scale bar: 50 μm.
asone-treated TM cells; however, spliced XBP-1 product (257 bp) was observed only in dexamethasone-treated TM cells ( Figure 3A ).
We next examined ER stress and UPR activation in primary cultures of TM cells obtained from normal human donors by Western blot. Dexamethasone increased ER chaperones (GRP78 and GRP94), induced phosphorylation of IRE1α and eIF2α, and increased CHOP protein levels in primary TM cells ( Figure 3B ). Immunostaining for GRP78 and actin revealed that dexamethasone increased the levels of both in primary TM cells ( Figure 3C ). Together, these data demonstrated that dexamethasone induces ER stress and activates the UPR in primary TM cells.
Topical ocular dexamethasone induces ER stress and activates the UPR in mouse TM in vivo
We next sought to examine whether dexamethasone-induced ocular hypertension is associated with induction of ER stress in the anterior segment tissues. Topical dexamethasone treatment did not elevate IOP in WT mice at 1 week of treatment (vehicle, 16.1 mmHg; dexamethasone, 15.9 mmHg; n = 5 per group). Western blot analysis of the anterior segment tissues obtained from these mice demonstrated that 1 week of dexamethasone treatment increased ER stress and activated the UPR, as evidenced by increased levels of GRP78, ATF-4, cleaved ATF-6, CHOP, and spliced XBP-1 proteins in these tissues ( Figure 4A ). Dexamethasone also increased MYOC levels in the anterior segment tissues, consistent with previous reports (35) .
These data indicated that topical dexamethasone induces ER stress in WT mice prior to IOP elevation. Dexamethasone also increased GRP78 and CHOP proteins in anterior segment tissues after 8 weeks of treatment (Supplemental Figure 7) , indicative of the presence of chronic ER stress. In addition, a prominent increase in GRP78 labeling was detected in the TM of mice treated for 8 weeks with dexamethasone compared with vehicle treatment ( Figure 4B ). Although a weak signal for GRP78 was detected in the corneal endothelium in vehicle-treated mice, corneal GRP78 did not appear to change in dexamethasone-treated mice. In addition, GRP78 was abundantly present in CB, and its level remained unchanged in dexamethasoneversus vehicle-treated mice ( Figure 4B ).
Withdrawal of dexamethasone leads to reduction of elevated IOP and ER stress-associated with dexamethasone treatment
In humans, withdrawal of glucocorticoid in most cases returns elevated IOP to baseline (18, 38) . Therefore, we examined whether a similar phenomenon occurred in our mouse model. Topical dexamethasone or vehicle eye drops were given to WT mice for 3 weeks. Dexamethasone significantly elevated IOP at 3 weeks of treatment (dexamethasone, 22.4 ± 0.76 mmHg; vehicle, 17.3 ± 0.67 mmHg; n = 10; P < 0.0001, t test). After 3 weeks of treatment, dexamethasone-treated mice were randomly divided into 2 groups: one received topical dexamethasone, and the other vehicle (i.e., dexamethasone withdrawal), for another 2 weeks. Subsequent IOP measurements
Figure 3
Dexamethasone induces ER stress and activates the UPR in human TM cells. (A) Splicing of XBP-1. Primary human TM cells were treated with dexamethasone (100 nM) for 10 days, and total RNA prepared was subjected to RT-PCR with XBP1 primers. The resulting products were subjected to 2% agarose gel electrophoresis. PCR products were sequenced to further confirm the presence of spliced and unspliced XBP-1. Spliced product was observed at 257 bp, while unspliced products were observed at 283 bp. Spliced XBP-1 was only observed in dexamethasone-treated samples. (B) Dexamethasone induced ER stress and activated the UPR in human TM cells. Primary human TM cells obtained from normal human donors were treated with dexamethasone for 48 hours. GRP78, GRP94, CHOP, and phosphorylation of IRE1 and eIF2α were examined by Western blot analysis (n = 3). (C) Human TM cells were treated with vehicle or dexamethasone for 48 hours and stained with GRP78 and phalloidin (which stains F-actin) (n = 3). Dexamethasone treatment increased actin and GRP78 levels. Scale bars: 50 μm.
Figure 4
Topical dexamethasone induces ER stress and activates the UPR in TM tissues of WT mice. (A) GRP78, activated ATF-6α, ATF-4, spliced XBP-1, CHOP, MYOC, and GAPDH (loading control) were examined by Western blot analysis in anterior segment tissues of mice treated for 1 week with vehicle or dexamethasone (n = 4 per group). revealed that dexamethasone-withdrawn mice had significantly reduced IOP compared with continued dexamethasone treatment, with levels returning to baseline ( Figure 5A ). These data indicated that withdrawal of dexamethasone reduces dexamethasone-induced ocular hypertension, similar to the response seen in human patients.
We next examined whether withdrawal of dexamethasone treatment also decreases ER stress. Western blot analysis of anterior segment tissues demonstrated that dexamethasone significantly increased GRP78. However, GRP78 levels were significantly reduced to baseline in dexamethasone-withdrawn mice ( Figure 5 , B and C). Interestingly, MYOC and FN levels were also reduced after dexamethasone withdrawal ( Figure 5 , D and E).
Deletion of Chop protects from dexamethasone-induced ocular hypertension
Induction of CHOP has been shown to be associated with chronic ER stress. In our model, we observed that dexamethasone treatment increased CHOP levels in the anterior segment tissues, preceding IOP elevation by 1 week ( Figure 4A ). CHOP levels were also increased at 8 weeks of treatment (Supplemental Figure 7) . Deletion of Chop has been shown to be protective against chronic ER stress in multiple studies (25, 39, 40) . Thus, we examined whether deletion of Chop also protects against dexamethasone-induced ocular hypertension. Topical ocular dexamethasone was given to WT and Chop knockout mice (C57BL/6 background) for 3 weeks, and IOP was measured every week. Topical ocular dexamethasone significantly elevated IOP in WT mice after 3 weeks of treatment (dexamethasone, 23.2 ± 0.6 mmHg; vehicle, 15.8 ± 0.8 mmHg; Figure 6A ). However, IOP was not significantly elevated with dexamethasone compared with vehicle treatment in Chop knockout mice (dexamethasone, 18.2 ± 0.8 mmHg; vehicle, 15.7 ± 0.6 mmHg; Figure 6A ).
We further examined ER stress markers in the anterior segment tissues of WT and Chop knockout mice. In WT mice, dexamethasone induced ER stress markers, including GRP78 and CHOP along with MYOC ( Figure 6B ). However, dexamethasone treatment reduced GRP78, ATF-4, and MYOC levels compared with vehicle treatment in Chop knockout mice ( Figure 6C ). Densitometric analysis revealed that dexamethasone increased GRP78 and MYOC levels 2.5-fold compared with vehicle control in WT mice ( Figure 6D ). However, dexamethasone-treated Chop knockout mice exhibited significantly decreased GRP78 and MYOC levels compared with dexamethasonetreated WT mice. These data demonstrated that deletion of Chop protects mice from dexamethasone-induced ocular hypertension and also reduces ER stress associated with dexamethasone treatment.
Reduction of ER stress by the chemical chaperone sodium 4-phenylbutyrate (PBA) prevents IOP elevation by dexamethasone
We next sought to examine whether reducing ER stress would rescue dexamethasone-induced ocular hypertension. WT mice were given topical ocular vehicle or dexamethasone for 3 weeks. Dexamethasone-treated mice were divided into 2 groups: one received 20 mM PBA in drinking water, while the other received plain water. IOP measurements after 3 weeks of treatment demonstrated that topical ocular dexamethasone treatment in control mice significantly elevated IOP compared with topical ocular vehicle treatment (dexamethasone, 22.6 ± 0.5 mmHg; vehicle, 16 ± 0.7 mmHg; Figure 7A ). Interestingly, when PBA was given to dexamethasone-treated mice, IOP was significantly reduced compared with mice treated with dexamethasone alone (dexamethasone plus PBA, 18.9 ± 0.5 mmHg; dexamethasone, 22.6 ± 0.5 mmHg; Figure 7A ). These data demonstrated that systemic PBA prevents IOP elevation by dexamethasone.
We next examined whether PBA reduces ER stress induced by dexamethasone treatment. Western blot and densitometric analyses of ER stress markers in the anterior segment tissues demonstrated that a 3-week treatment with dexamethasone increased levels of the ER stress markers GRP78, spliced XBP-1, and CHOP, which were significantly reduced by PBA treatment (Figure 7 , B and C). Interestingly, PBA treatment also decreased the elevated FN levels associated with dexamethasone treatment (Supplemental Figure 8 ). We further examined the effect of PBA on dexamethasone-induced ER stress using primary human TM cells. TM cells were treated with dexamethasone with or without PBA (5 mM) for 48 hours. Western blot analysis of cell lysates demonstrated that dexamethasone treatment alone increased levels of GRP78, GRP94, MYOC, and phosphorylated eIF2α in TM cells ( Figure 7D ). Expression of all these ER stress markers was reduced in TM cells with concomitant PBA treatment. These data demonstrated that PBA prevents dexamethasone-induced ocular hypertension and reduces ER stress associated with dexamethasone treatment in the anterior segment tissues.
Discussion
Ocular hypertension is a serious side effect of glucocorticoid therapy that can lead to a secondary iatrogenic form of open-angle glaucoma and, if unrecognized, subsequent vision loss. In the present study, we developed a new mouse model of glucocorticoidinduced glaucoma and investigated the molecular mechanisms that lead to ocular hypertension. Topical ocular dexamethasone treatment induced ocular hypertension and resulted in open-angle glaucoma in otherwise healthy C57BL/6 mice that was similar to steroid glaucoma in human patients. We further demonstrated that dexamethasone induced ER stress in the TM, which was associated with IOP elevation. Withdrawal of dexamethasone treatment reduced dexamethasone-induced elevations in IOP and ER stress. Dexamethasone also induced expression of CHOP, a marker of chronic ER stress, in anterior segment tissues. Deletion of Chop reduced ER stress in the TM and, in turn, protected against glucocorticoid-induced ocular hypertension. Reduction of ER stress by PBA prevented dexamethasone-induced IOP elevation, which further supports the involvement of ER stress in glucocorticoidinduced ocular hypertension. Thus, chronic ER stress appears to play a central role in the development of ocular hypertension in our mouse model of glucocorticoid-induced glaucoma.
Glucocorticoid-induced ocular hypertension has been studied in several animal models, including monkeys (41), cows (42) , cats (43) , rabbits (44) , sheep (45) , rats (46) , and recently mice (47) . However, a model of glucocorticoid-induced glaucoma has not previously been developed. A recent study by Whitlock and colleagues demonstrated that systemic dexamethasone administration elevated IOP by 3-4 mmHg in hybrid mice (47) . In our present study, topical ocular dexamethasone elevated the IOP of normal C57BL/6J mice by 7 mmHg. In addition to developing ocular hypertension, chronic dexamethasone treatment caused RGC structural and functional loss, as well as optic nerve degeneration, similar to that observed in patients with glucocorticoid-induced glaucoma. In our model, as in the human disorder, elevated IOP preceded PERG abnormalities: examination of RGC function by PERG at 5 weeks (2-3 weeks after elevated IOP) showed a nonsignificant reduction in PERG amplitudes in dexamethasone-treated mice. Thus, it is unlikely that dexamethasone leads to RGC loss within 2-3 weeks prior to IOP elevation in our mouse model. Withdrawal of dexamethasone treatment normalized mouse IOP to baseline levels, similar to human patients. Consistent with previously reported studies, dexamethasone induced similar biochemical changes in the TM in our mouse model of glucocorticoid-induced glaucoma, including increased
Figure 6
Deletion of Chop protects against dexamethasone-induced ocular hypertension. (A) Chop knockout protected mice from dexamethasone-induced ocular hypertension. WT and Chop knockout mice were given topical ocular vehicle or dexamethasone for 3 weeks. IOP measurements showed that dexamethasone elevated IOP significantly compared with vehicle in WT mice, but not in Chop knockout mice (n = 10 per group). MYOC, actin, and FN. These data indicated that our mouse model appropriately mimics human glucocorticoid-induced glaucoma.
Glucocorticoids induce ocular hypertension in a subset of the human population (10, 12) . Differential glucocorticoid responsiveness is also observed in several animal models, including nonhuman primate eyes (41) , rabbits (44) , mice (47) , and the bovine perfusion cultured anterior segment model (48) . In contrast, a 100% responder rate was reported in cattle in vivo (42) . Whitlock and colleagues systemically administered dexamethasone to hybrid mice (B6:129) and showed increased IOP in approximately one-half of the mice (47) . In our present study, 90%-95% of mice treated with dexamethasone developed ocular hypertension after 5 weeks of treatment in our genetically homogeneous pure C57BL/6 strain. These findings suggest that genetic heterogeneity may be responsible for the differential glucocorticoid responsiveness. Several studies have suggested that differences in the levels of alternatively spliced glucocorticoid receptor isoforms regulate glucocorticoid responsiveness in TM cells (37, 49) .
Our data demonstrated that induction of ER stress in the TM was associated with dexamethasone-induced ocular hypertension.
Specifically, ER stress induction preceded IOP elevation. ER stress was also chronically elevated over the course of treatment. Cessation of dexamethasone treatment returned elevated IOP to baseline and also decreased ER stress associated with dexamethasone treatment in anterior segment tissues. Furthermore, knockout of Chop or treatment with PBA protected mice from dexamethasone-induced ocular hypertension, along with reducing ER stress in the anterior segment. It is not entirely clear how dexamethasone induces ER stress in the TM. Dexamethasone is known to increase the overall protein secretory load, which can lead to ER stress. In our model, dexamethasone increased MYOC, FN, and actin in primary TM cells as well as in the mouse TM. We hypothesize that increased protein processing and accumulation of these proteins in the TM may result in ER stress in our model of glucocorticoid-induced ocular hypertension. Consistent with this hypothesis, our results showed that increased levels of MYOC, actin, and FN were associated with dexamethasone-induced ocular hypertension. Specifically, withdrawal of dexamethasone treatment decreased MYOC and FN levels in the anterior segment. In addition, Chop knockout mice were protected from dexamethasone-induced IOP elevation and also had reduced levels of MYOC
Figure 7
Decreasing ER stress by administration of the chemical chaperone PBA reduces IOP elevation by dexamethasone. (A-C) WT mice were given topical ocular vehicle or dexamethasone for 3 weeks. Dexamethasone-treated mice were divided into 2 groups: one received water, the other received 20 mM PBA in drinking water. (A) PBA treatment significantly protected from dexamethasone-induced IOP elevation (n = 20 per group). **P < 0.05, ***P < 0.005, 1-way ANOVA. (B and C) Western blot (B) and densitometric analysis (C) of ER stress markers in anterior segment tissues revealed that combined dexamethasone and PBA treatment reduced ER stress markers compared with dexamethasone treatment alone (n = 5 per group). (D) PBA reduced ER stress associated with dexamethasone in human TM cells. Human TM cells were treated with dexamethasone with or without 5 mM PBA. Total cell lysates were subjected to Western blot analysis for GRP78, GRP94, phosphorylated and total eIF2α, MYOC, and GAPDH. and markers of ER stress in the anterior segment tissues. Furthermore, treatment with the chemical chaperone PBA reduced elevated IOP and decreased FN, MYOC, and ER stress in the TM. Together, these findings suggest that induction of ER stress associated with increased levels of MYOC and ECM proteins may cause dysfunction of the TM, resulting in IOP elevation in glucocorticoid-induced glaucoma. Our present findings provide new directions for understanding glucocorticoid-induced ocular hypertension.
This study demonstrated a prominent increase in GRP78, MYOC, and actin levels in the TM. It is widely accepted that biochemical and morphological changes in the TM are responsible for increased TM outflow resistance and ocular hypertension in steroid-induced glaucoma (14) . Consistent with this, Kumar et al. recently described a new model of steroid-induced changes in mouse outflow facility and demonstrated that steroid treatment reduces outflow facility, despite no noticeable change in IOP (50) . In addition to our findings in the TM, we observed increased immunostaining for MYOC and actin in the CB of dexamethasone-treated WT mice; thus, we cannot exclude a potential role for the CB in ocular hypertension.
Several studies have shown that induction of Chop is associated with cellular dysfunction and that its overexpression leads to ER stress-mediated cell death (25) . We observed that dexamethasone induced Chop over the course of treatment. Interestingly, deletion of Chop protected mice from dexamethasone-induced ocular hypertension and also reduced ER stress compared with WT mice. CHOP may theoretically cause TM dysfunction and/or TM cell death, thus resulting in IOP elevation. TUNEL staining of the anterior chamber did not show apoptotic TM cell death (Supplemental Figure 9 ), suggestive of a nonapoptotic role of CHOP in our mouse model of steroid glaucoma. Deletion of Chop has previously been shown to protect against ER stress by decreasing ER client protein load and changing redox conditions (51) . Deletion of Chop improves β cell function and protects from ER stress by enhancing UPR and oxidative stress response genes (39) . Chop deletion may also prevent glucocorticoid-induced dysfunction of the TM and prevent ocular hypertension by acting upstream of the ER stress pathway. It is also possible that Chop deletion enhances ER function in handling misfolded proteins and overall secretory pathway function, thereby protecting TM cells from the consequences of protein misfolding. Consistent with this hypothesis, we observed reduced levels of MYOC and ER stress in dexamethasone-treated Chop knockout mice compared with vehicle-treated Chop knockout and dexamethasonetreated WT mice. Similarly, PBA treatment reduced dexamethasoneinduced MYOC and FN levels, which in turn decreased ER stress and prevented IOP elevation. Alternatively, Chop deletion may inhibit the progression of stressed TM cells to apoptosis and activate a positive feedback mechanism that decreases ER stress directly in TM tissues.
Steroid responsiveness is higher in POAG patients and their descendants. However, steroid responsiveness in MYOC patients has not been studied. Because glucocorticoids induce WT MYOC expression, it was originally hypothesized that increased MYOC accumulates in the TM, leading to increased outflow resistance and IOP elevation in glucocorticoid glaucoma. However, transgenic mice overexpressing WT MYOC do not develop glaucoma, which suggests that overexpression of MYOC is not in itself sufficient to cause glaucoma in mice (52) . It is possible that dexamethasone alters WT MYOC processing in the ER, thus reducing its secretion and inducing ER stress in the TM. Since induction of ER stress is associated with elevation of IOP in Tg-MYOC Y437H mice, which express mutant MYOC, it is conceivable that dexamethasone treatment may worsen the glaucoma phenotypes of Tg-MYOC Y437H mice. Specifically, dexamethasone increases WT MYOC, which can interact with mutant MYOC (53) . These events can lead to increased MYOC aggregates in the ER of the TM, thus worsening the glaucoma in Tg-MYOC Y437H mice. Future studies will be aimed at understanding the role of WT and mutant MYOC in glucocorticoid-associated glaucoma.
Systemic PBA treatment prevented glucocorticoid-induced IOP elevation by reducing ER stress in the anterior segment. Previously, we demonstrated that topical PBA rescued glaucoma in Tg-MYOC Y437H mice by reducing mutant MYOC accumulation and facilitating MYOC secretion in the aqueous humor, consequently reducing ER stress in the TM (26, 27) . Thus, it is conceivable that PBA may prevent ER stress and IOP elevation in glucocorticoid-induced ocular hypertension by similar mechanisms, including decreasing ER load, enhancing protein secretion, and reducing protein accumulation in the TM. Consistent with this hypothesis, dexamethasone-induced MYOC and FN levels were significantly decreased to baseline levels by PBA treatment. It is unlikely that PBA has a direct effect on MYOC transcript levels, since PBA has been shown to increase MYOC secretion within 30 minutes of treatment (54), suggestive of a direct effect of PBA on the secretory pathway.
In conclusion, we here established a mouse model of glucocorticoid-induced glaucoma and demonstrated that ER stress played a critical role in glucocorticoid-induced ocular hypertension. Furthermore, our demonstration of reduced ER stress by chemical chaperones such as PBA provides a promising potential treatment for glaucoma. These studies provide new mechanistic insights into glucocorticoid-induced ocular hypertension and a novel target for treatment of glucocorticoid-induced glaucoma.
Methods
Mouse husbandry. C57BL/6J mice were obtained from the Jackson Laboratory. Mice were housed and bred at the University of Iowa as described previously (26) .
Topical ocular dexamethasone and vehicle treatment. 4 independent experiments containing at least 10 mice per group were performed to evaluate the effect of topical ocular dexamethasone administration. Topical 0.1% dexamethasone phosphate (Bausch & Lomb Inc.) was used. Sterile PBS was used as a vehicle eye drop. 3-month-old C57BL/6J mice were given topical ocular 0.1% dexamethasone phosphate or sterile PBS (vehicle) eye drops 3 times daily for up to 20 weeks. A small eye drop (∼20 μl) was applied to both eyes. The initial daily dose was given between 9 am and 10 am, the second dose between 1 pm and 2 pm, and the third dose between 6 pm and 7 pm. To ensure the effective penetration of the eye drops into the anterior chamber, mice were lightly held for 30-40 seconds after drop administration, then released in their cages. Chop knockout mice (Jackson Labs) were obtained from the laboratory of T. Rutworski (University of Iowa). For dexamethasone withdrawal, WT mice were given topical vehicle or dexamethasone for 3 weeks. At 3 weeks, the dexamethasone-treated mice were randomly divided into 2 groups: one received topical dexamethasone, and the other vehicle, for another 2 weeks. IOP was measured during this period, and anterior segment tissues were isolated for Western blot analysis of ER stress.
IOP measurements. IOP was measured with a rebound tonometer, as previously described (26) . In brief, mice were acclimated to the procedure room and anesthetized with 2.5% isoflurane plus 100% oxygen. IOP was measured with a tonometer (TonoLab; Colonial Medical Supply). All IOP cohorts included male and female mice. Daytime IOP was measured between 10 am and 2 pm. IOP was measured every week for several weeks in each group of mice. Mice were anesthetized with isoflurane for very short times (approximately 2 minutes); longer isoflurane exposure rapidly of cornea, iris, and CB and the entire TM, it is possible that small variation in dissected tissues may change protein levels in each sample. However, it should be noted that total cumulative response shown by densitometric analysis more accurately demonstrates the overall pattern of response. Considering the small size of anterior segment tissues, total protein lysates from each eye only allowed a few Western blot analyses. Therefore, we focused on analysis of the selected ER stress markers GRP78, ATF-4, and CHOP in most subsequent studies. We established induction of ER stress by dexamethasone in Figures  3 and 4 using several ER stress markers, including phosphorylation of IRE1α and eIF2α and increased levels of GRP78, GRP94, cleaved ATF-6, ATF-4, and CHOP. To ensure equal protein loading, the same blot was subsequently incubated with a GAPDH monoclonal antibody (Cell Signaling Technology Inc.). Quantitation was done using Image J software. Antibodies for GRP94, phosphorylated and total eIF2α, and CHOP were purchased from Cell Signaling Technology Inc. Antibody for ATF-6 was purchased from Imagenex Corp. GRP78, MYOC (catalog no. sc137233), and spliced XBP-1 antibodies were purchased from Santa Cruz Biotechnology Inc. Phosphorylated IREα antibody was obtained from GeneTex (catalog no. GTX63722). Total IREα antibody was obtained from Santa Cruz Biotechnology Inc.
PBA treatments. 3-month-old WT littermates (n = 30) were divided into 3 groups: group 1 was treated with topical vehicle eye drops, group 2 was given dexamethasone eye drops, and group 3 was given dexamethasone eye drops along with 20 mM PBA in drinking water. Pharmaceutical-grade PBA sodium salt was purchased from Scandinavian Formulas, and treatments were conducted as described previously (26) . PBA is soluble in water, and thus was added freshly to the drinking water every week for 5 weeks. Water intake measurements were made; treated and untreated mice consumed equal amounts. Mice drank an average of 3 ml of water containing the drug every day. IOP measurements were performed every week. After 5 weeks of treatment, mice were sacrificed, and anterior segment tissues were examined for ER stress markers.
Mouse slit-lamp examination. Anterior chamber phenotypes were assayed with a slit-lamp (SL-D7; Topcon) and photodocumented with a digital camera (D100; Nikon), as described previously (26) .
Statistics. All data are presented as mean ± SEM. For comparisons between 2 groups, unpaired 1-tailed Student's t test was used. For comparisons among 3 or more groups, 1-way ANOVA with Bonferroni multiple-comparison test was used. A P value less than 0.05 was considered significant.
Study approval. All animal procedures performed in this study complied with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and were approved by the University of Iowa Animal Care and Use Committee. decreased IOP, especially in dexamethasone-treated mice. IOP measurements were performed in a masked manner by a technician uninformed of treatment group. Because each eye responds differently to treatment, we considered each eye measurement as an independent sample.
PERG. PERG was used to objectively measure the function of RGCs by recording amplitudes and latency of N35-P50 and P50-N95 PERG waveforms, as described previously (26) .
Retina staining. Nissl staining of retinal whole mounts was used to determine the number of cells within the RGC layer, as described previously (32) . Mice were euthanized, and eyes were enucleated and fixed in 4% paraformaldehyde in PBS buffer for 3 hours. After rinsing the eyeball in PBS, the anterior chamber was removed, and the eyecup was incubated in PBS containing 0.3% Triton X-100 overnight at room temperature. The retina was then isolated, mounted with the ganglion cell layer up on a glass slide, and flattened under a coverslip with a 10-g weight on top. Coverslips were removed, and air-dried retinas were stained with 1% cresyl violet acetate (Nissl stain, in 0.25% acetic acid) by brush-painting, then dehydrated in 100% ethanol, cleared in xylene, and finally mounted and coverslipped.
Quantitation of remaining ganglion layer cells was performed by counting soma in the periphery of the retina. 16 nonoverlapping images covering most of the periphery of retina (4 per quadrant) were taken at ×400 magnification, and cells were counted in the area equal to 10% of the total retinal cross-sectional area. The number of remaining cells per square millimeter are represented graphically in Figure 1D .
Assessment of optic nerve damage. Optic nerve neurodegeneration was examined using PPD-stained optic nerve cross-sections, as described previously (26) .
TM cell cultures and dexamethasone treatment. Human TM cells were grown as described previously (37) . Briefly, TM cells were grown in DMEM containing l-glutamine (0.292 mg/ml; Invitrogen), penicillin (100 U/ml) and streptomycin (0.1 mg/ml; Invitrogen), and 10% FBS (Invitrogen). For treatment, TM cells were incubated with fresh medium with or without 100 nM dexamethasone (Sigma-Aldrich) for 10 days. Total RNA was isolated and subjected to RT-PCR of XBP1. For Western blot analysis, TM cells were treated with dexamethasone (500 nM) for 48 hours, and total cell lysates were subjected to Western blot analysis of ER stress markers. For PBA treatment, TM cells were grown in dexamethasone (500 nM) with or without PBA (5 mM) for 48 hours. Total cell lysates were collected and subjected to Western blot analysis, as described previously (26) .
Measurement of XBP-1 splicing. XBP1 mRNA was amplified using primers 5′-AACTCCAGCTAGAAAATCAGC-3′ and 5′-CCATGGGAAGAT-GTTCTGGG-3′. PCR was done for 25 cycles (94°C, 30 seconds; 55°C, 30 seconds; 72°C, 30 seconds [2 minutes in the final cycle]). Fragments representing spliced (257 bp) and unspliced (283 bp) XBP-1 were run on 2% agarose gels as described previously (55) . Spliced and unspliced bands were further excised and sequenced to confirm splicing of XBP-1.
Immunostaining. Mouse anterior segments were fixed in 4% formaldehyde and embedded in OCT. Sections were then blocked with 5% normal serum. Slides were incubated overnight with primary antibody (1:250) and washed 3 times with PBS, followed by a 2-hour incubation with appropriate Alexa Fluor secondary antibodies (1:200; Invitrogen). Sections were subsequently incubated with DAPI for 30 minutes to stain nuclei, washed, and then mounted. Images were captured using a Zeiss 710 confocal imaging system at the University of Iowa Central Microscopy Research Facility. The MYOC antibody used for immunostaining was obtained from S. Tomarev (NIH). GRP78 was obtained from Gene Tex (1:250). Donkey anti-goat (1:500) and phalloidin stain (1:500) were obtained from Invitrogen.
Western blot analysis. Anterior segment tissues were carefully dissected and lysed in RIPA lysis buffer, as previously described (26) . All samples were obtained and processed at the same time. Since Western blot analysis was performed on tissues of the anterior segment, which contains a small amount
